Saturated hydraulic conductivity K sat is a fundamental characteristic in modeling flow and contaminant transport in soils and sediments. Therefore, many models have been developed to estimate K sat from easily measureable parameters, such as textural properties, bulk density, etc. However, K sat is not only affected by textural and structural characteristics, but also by sample dimensions e.g., internal diameter and height. Using the UNSODA database and the contrast pattern aided regression (CPXR) method, we recently developed sample dimension-dependent pedotransfer functions to estimate K sat from textural data, bulk density, and sample dimensions. The main objectives of this study were evaluating the proposed pedotransfer functions using a larger database, and comparing them with seven other models. For this purpose, we selected more than 2 nineteen thousands soil samples from all around the United States. Results showed that the sample dimension-dependent pedotransfer functions estimated K sat more accurately than seven other models frequently used in the literature.
Introduction
Saturated hydraulic conductivity K sat is essential in modeling surface and subsurface flow as well as solute transport in soils and sediments. Its estimation has been intensively investigated over the past several decades by soil physicists and hydrologists. Many empirical (e.g., Hazen, 1892; Puckett et al., 1985; Nemes et al., 2005; Parasuraman et al., 2006; Ghanbarian-Alavijeh et al., 2010) , quasi-physical (e.g., Kozeny, 1927; Carman, 1937; Ahuja et al., 1984; 1989; Rawls et al. 1993; Arya et al. 1999; Timlin et al. 1999) , and physically-based (e.g., Katz and Thompson 1986; Xu and Yu 2008; Skaggs, 2011; Porter et al. 2013; Hunt et al. 2014; Ghanbarian et al. 2016 ) models as well as numerical techniques (see e.g., Zhang et al. 2005; Elliot et al. 2010; Mostaghimi et al. 2013; Ghanbarian and Daigle 2015; Dal Ferro and Morari 2015) were developed to estimate K sat from other available properties. Among them, pedotransfer functions i.e., regressionbased models making use of available information to provide estimates of other related factors that are needed (Warrick, 2003) , attracted a great deal of attention mainly due to their relatively high efficiency and simplicity. Pedotransfer functions also have limitations. For example, Schaap and Leij (1998a) showed that the performance of pedotransfer functions may strongly depend on data that were used to train (or develop) and test (or validate) . Nonetheless, pedotransfer functions have been actively developed to link soil hydraulic properties to readily measureable characteristics e.g., soil texture, bulk density, and organic matter content.
To estimate the saturated hydraulic conductivity from other soil parameters pedotransfer functions have been developed using various techniques, such as multiple linear regression (e.g., Brakensiek et al., 1984; Cosby et al., 1984; Saxton et al., 1986; Jabro 1992) , artificial neural networks (e.g., Schaap and Leij, 1998b; Schaap et al., 1998; Parasuraman et al., 2006; Ghanbarian-Alavijeh et al., 2010) , genetic programming (e.g., Parasuraman et al., 2007) , decision tree analysis (e.g., Shirley, 2011; Jorda et al., 2015) , group method of data handling (e.g., Nemes et al., 2005) , support vector machines (e.g., Twarakavi et al., 2009) , and contrast pattern aided regression (Ghanbarian et al., 2015) . Minasny and McBratney (2000) evaluated eight proposed pedotransfer functions for estimation of saturated hydraulic conductivity K sat using published Australian soil data sets comprised different field and laboratory measurements over large areas and limited predictive variables. They found that the published PTFs of Dane and Puckett (1994) , Cosby et al. (1984) , and Schaap et al. (1998) gave the best estimations for sandy, loamy, and clayey soils, respectively. Sobieraj et al. (2001) evaluated the performance of nine K sat pedotransfer functions including the Rosetta model (see their Table 3 ) in modeling the storm flow generated in a rainforest catchment and found them inaccurate. At shallow depths e.g., 0-0.1 m, pedotransfer functions, except Jabro (1992) , commonly underestimated K sat , while at subsequent depths e.g., 0.1-0.4 m pedotransfer functions, except Campbell and Shiozawa (1994) , typically overestimated K sat . Cosby et al. (1984) , Jabro (1992) , Puckett et al. (1985) , Dane and Puckett (1994) , and Saxton et al. (1986) . They showed that all evaluated K sat models underestimated by an order of magnitude, suggesting that application of water balance simulation models based on such PTFs may constitute a bias in model outputs.
Gwenzi et al. (2011) evaluated five PTFs including
More recently, Ghanbarian et al. (2015) proposed sample dimension-dependent pedotransfer functions to estimate saturated hydraulic conductivity K sat using the contrast pattern aided regression (CPXR) method and soil samples from the UNSODA database.
They showed that including sample dimensions i.e., sample internal diameter and height (or length) substantially improved K sat estimations.
Although numerous studies assessed the performance of different pedotransfer functions in estimation of water content and soil water retention curve, such evaluations for K sat pedotransfer functions and estimations are limited in the literature and particularly restricted to assessments at small scales. Therefore, the main objective of this study was to use a large database including soil samples from all around the United States for (1) evaluating the sample dimension-dependent pedotransfer functions developed by Ghanbarian et al. (2015) using the contrast pattern aided regression (CPXR) method in estimation of saturated hydraulic conductivity K sat from clay, silt, and sand contents, geometric mean diameter and standard deviation of diameters of soil particles, bulk density, and sample dimensions (i.e., internal diameter and height), and (2) comparing performance of the proposed CPXR-based pedotransfer functions with performance of seven other pedotransfer functions frequently applied in the literature.
Materials and Methods
Here, we first describe datasets used in this study and then present proposed pedotransfer functions available in the literature for estimating saturated hydraulic conductivity from clay, silt, and sand content as well as bulk density.
Datasets
The entire database used in this study includes 24 datasets and 19822 soil samples selected from the USKSAT database (Pachepsky and Park, 2015) and different states in the nation. The number of samples, K sat measurement method, and average and standard deviation of different parameters for each dataset are summarized in Table 1 . The average K sat value varying between 12.3 (Jabro, 1992) and 1328.5 cm/day (Romkens et al., 1986) , near three orders of magnitude variation, indicates different types of soils with various structures. This is an order of magnitude greater than the average K sat range that Schaap et al. (1998) investigated through 620 soil samples from 30 sources in the United States.
In the Results and Discussion section below, we however, show that the measured K sat value actually spans even much more than 3 orders of magnitude (about 8) representing a very wide range of soils. Figure 1 showing the percentage of samples in each USDA soil texture class and the distribution of samples on the ternary diagram also implies various types of soils with different textures used in this study.
Saturated hydraulic conductivity pedotransfer functions
There are tremendous amount of models in the literature estimating the saturated hydraulic conductivity from other properties. However, the focus of our study is K sat estimation from frequently available characteristics, such as soil textural data i.e., sand, silt, and clay content and bulk density for soil mapping purposes at large scales. In Table   2 , we list 7 models commonly used in the literature including Brakensiek et al. (1984) , Campbell and Shiozawa (1994) , Cosby et al. (1984) , Jabro (1992) , Puckett et al. (1985) , Dane and Puckett (1994) , and Saxton et al. (1986) .
Both Campbell and Shiozawa (1994) and Puckett et al. (1985) used the same database consisting of 42 samples (six Ultisols taken at seven locations in the lower coastal Plain of Alabama). The Cosby et al. (1984) model was proposed based on 1448 samples from Holtan et al. (1968) and Rawls et al. (1976) . Jabro (1992) presented his model using 350 soil samples collected from the literature e.g., Southern Cooperation Series Bulletins. Dane and Puckett (1994) developed their model using 577 samples (Ultisols from lower coastal Plain of Alabama). The Saxton et al. (1986) model was developed using a database including 230 selected data points uniformly spaced on the hydraulic conductivity curves for 10 textures classes reported by Rawls et al. (1982) .
All these models, except Brakensiek et al. (1984) , estimate K sat from sand, silt, and clay content and bulk density ! . The Brakensiek et al. (1984) model, however, requires porosity value as well, which was estimated by 1 − ! ! in which ! , the particle density, was assumed to be approximately equal to 2.65 g/cm 3 for all samples.
We should point out that we eliminated the Jabro (1992) dataset (see Table 1 ) from this model evaluation process since the assessment of the Jabro (1992) model using the same dataset used to develop it would be biased and not supported. In addition, the Jabro (1992) model estimates K sat from logarithms of clay and silt content (see Table 2 ). As a consequence, the Jabro (1992) The sample dimension-dependent model of Ghanbarian et al. (2015) presented in Table 3 consists of 14 patterns each of which corresponds to a specific model. Most patterns given in Table 3 Table 3 ) corresponding to each pattern (Ghanbarian et al., 2015) .
To estimate K sat using the Ghanbarian et al. (2015) model, first the relevant pattern that the data match with is found, and then using the corresponding local model given in does not match any pattern, K sat is estimated using the baseline model f 0 given in Table 3 .
The detail of the CPXR approach can be found in Ghanbarian et al. (2015) . The Java code for K sat estimation by the Ghanbarian et al. (2015) model and other models presented in Table 2 is given in the Supplementary Material.
In order to compare statistically the accuracy of the discussed models in the estimation of K sat , the root mean square log-transformed error (RMSLE) and mean log-transformed error (MLE) parameters were determined as follows
where n is the number of values, and (K sat ) cal and (K sat ) meas are the calculated (estimated) and measured saturated hydraulic conductivities, respectively.
Results and Discussion
Comparison of the performance of the selected models in the estimation of saturated hydraulic conductivity K sat from sand, silt and clay content as well as bulk density is shown in Fig. 2 . As can be seen, the Campbell and Shiozawa (1994) and Puckett et al. (1985) models with MLE = -0.96 and -0.41 tend to underestimate K sat considerably over 8 orders of magnitude variation, while the Dane and Puckett (1994), Saxton et al. (1986) and Ghanbarian et al. (2015) models estimates are distributed more or less around the 1:1 line (MLE = 0.09, -0.06, and 0.08, respectively). Interestingly, although the Puckett et al. (1985) and Campbell and Shiozawa (1994) models were developed using the same exponential function and dataset (42 samples from the lower coastal Plain of Alabama) and have similar trend in K sat underestimation, the Puckett et al. (1985) model is almost 25% more accurate than the Campbell and Shiozawa (1994) model (RMSLE = 0.92 vs.
1.27). Such a discrepancy in K sat estimation implies that the Puckett et al. (1985) model could more efficiently detect nonlinear interactions between input and output variables than the Campbell and Shiozawa (1994) model. The MLE values for different K sat models and USDA soil texture classes presented in Table 4 also show that both Puckett et al. (1985) and Campbell and Shiozawa (1994) tend to underestimate K sat for all soil texture classes, particularly intermediate to fine textured soils, while the Jabro (1992) model has a tendency to overestimate K sat .
As can be observed in Fig. 2 , although the value of mean log-transformed error of the Cosby et al. (1984) model is near zero (MLE = -0.001), the K sat estimations are biased since the model overestimates at lower K sat (fine-textured soils) and underestimates at higher K sat values (coarse-textured soils). In this model, the measured K sat spans around 8 orders of magnitude (log(K sat ) varies between -2 to near 6), while the estimated log(K sat )
value is restricted to a much narrower range approximately between 0 and 3. The obtained results are, however, consistent with the results of Minasny and McBratney (2000) Campbell and Shiozawa (1994) , Cosby et al. (1984) , Dane and Puckett (1994) , Brakensiek et al. (1984) , and Saxton et al. (1986) models, respectively, meaning the Cosby et al. (1984) model was the most accurate. These RMSLE values, however, are not comparable with those we present in Fig. 2 because (1) the K sat units is different (mm/hr vs. cm/day), (2) the statistical parameter calculated in Minasny and McBratney (2000) is the root mean square natural log-transformed error, while that we report is root mean square log-transformed error, and (3) the number of samples in Minasny and McBratney (2000) is 462, whereas n in our study is 19822, resulted into RMSLE values much smaller than those reported by Minasny and McBratney (2000) . The RMSLE values for different K sat models and USDA soil texture classes are given in Table 5 . As the bold RMSLE values in Table 5 indicate the most accurate model estimating K sat for different soil texture classes precisely is Ghanbarian et al. (2015) .
Among all the models evaluated in this study and shown in Puckett et al. (1985) and Campbell and Shiozawa (1994) models. One should note that the calculated RMSLE value for the Jabro (1992) model is not directly comparable with those determined for other models since this model is using logarithms of clay and silt contents and, therefore, the number of samples suitable to evaluate this model is 342 less than that used to assess others. Results of our study confirm that the sample dimension-dependent Ghanbarian et al. (2015) The main advantage of the CPXR method compared to multiple linear regression-based models is that CPXR is capable to detect complex and nonlinear interactions between input variables that define different subgroups of data with highly distinct predictorresponse relationships, and to extract nonlinear patterns among input and output variables. One more advantage of the CPXR technique is that the model can be reported in the readable and transparent form (Table 3 ) and, unlike results of artificial neural networks or support vector machine application, can be visually inspected and analyzed.
Conclusion
In this study, we evaluated various models available in the literature to estimate soil saturated hydraulic conductivity K sat . Using a large database including 19822 soil samples from all round the United States we compared the reliability of Brakensiek et al. (1984) , Campbell and Shiozawa (1994) , Cosby et al. (1984) , Jabro (1992) , Puckett et al. (1985) , Dane and Puckett (1994) , and Saxton et al. (1986) models. In addition to these models, the Ghanbarian et al. (2015) model estimating K sat from textural data, bulk density as well as sample dimensions e.g., height (or length) and internal diameter was also assessed. As we emphasized before, the assessment of models estimating K sat from other soil properties is limited in the literature. In addition, the existing evaluations are mainly restricted to fairly small databases and small scales, and therefore the obtained Kool et al. (1954) 74 Puckett et al. (1985) K sat = 376.7exp (-0.1975Cl) Dane and Puckett (1994) K sat = 729.22exp(-0.144Cl) Saxton et al. (1986) K sat = 24exp(12.012 -0.0755Sa) Table 3 . Patterns, criteria, baseline regression model f 0 , and pedotransfer functions for the CPXR model developed by Ghanbarian et al. (2015) to estimate soil saturated hydraulic conductivity from sand, silt, and clay content, geometric mean and geometric standard deviation of particles, bulk density, and sample dimensions i.e., length and internal diameter. See the context for more detail about K sat estimation using the baseline, criteria, and local models. Comparison of the saturated hydraulic conductivity K sat estimated using eight different methods with the measured ones for all the data used in this study (n = 19822) . Note that the number of samples in the elavuation of Jabro (1992) model is 19480 because some samples with either zero silt or clay content were removed from the entire database. The red dashed line represents the 1:1 line. 
